Abstract Glyphosate is a systemic, nonselective and most widely used herbicide in the world. The introduction of glyphosate-resistant crops in the mid-1990s resulted in a dramatic increase in the use of glyphosate herbicide making it most widely used herbicide in the world. The average maize yield loss in the field caused by pests is around 20 % but in many regions it is much higher. It is now clear that glyphosate causes broader range of physiological alterations than previously assumed and some plants gain higher level of resistance to glyphosate without the need to use genetic engineering methods. To understand the mechanisms of such heightened resistance we must first know the processes mediating the plants' death in response to glyphosate treatment. Here, we show that 12 miRNAs, belonging to miR167, miR396, miR159, miR156, miR169, miR444 and miR827 families, are significantly upregulated, and one, miR166, downregulated following glyphosate treatment. These miRNAs have been previously shown to be involved in abiotic stress responses and implicated in senescence. Strikingly, two of the induced miRNAs, miR444 and miR827, have been shown to regulate phosphate transport pathways, which seem to be common for Pi and glyphosate uptake.
Introduction
Glyphosate, a glycine derivative (N-(phosphonomethyl)glycine), is a broad-spectrum, post-emergence herbicide. Concurrently with the release of genetically engineered glyphosate-resistant soybean in 1996, there was a dramatic increase in the use of glyphosate; it has now become the most widely used herbicide in the world. Glyphosate is active as a salt and effective only when it comes into contact with green, growing parts of plants (Duke and Powles 2008) after which it becomes distributed throughout the organism. There appear to be at least two mechanisms of glyphosate uptake (active and passive) in plants; however, they are not well understood to date. An active system operates at low concentrations of herbicide and may presumably involve a phosphate transporter since it has been shown that the glyphosate uptake is inhibited by sodium phosphate and phosphonoformic acid, competitive inhibitors of phosphate assimilation in plant cells (Denis and Delrot 1993; Hetherington et al. 1998; Morin et al. 1997; Shaner 2009 ). The interruption of essential metabolic pathways manifests as yellowing and wilting of the plant leaves followed by browning. Concurrently glyphosate induces decomposition of the plant's roots and rhizomes. Plants sprayed with glyphosate die within 10-14 days. The symptoms resulting from glyphosate administration resemble those occurring during senescence. Leaf senescence is manifested by a tissue-specific changes like chloroplasts degeneration and disintegration of photosynthetic apparatus. The senescence hypothesis, known as the nutrient relocalization hypothesis, states that annual plants at the end of growing season face limited supplies of micro-and macronutrients and therefore relocate resources such as copper, phosphate and nitrate into vegetative tissues to enhance seed yields (Gregersen et al. 2008; Himelblau and Amasino 2001) . Interestingly, large-scale expression profiling experiments indicate the existence of cross-talk between developmental senescence and responses to abiotic stresses (Allu et al. 2014; Buchanan-Wollaston et al. 2005) .
Administration of herbicide Roundup Ò to plant causes glyphosate-mediated inhibition of the 5-enolpyruvylshikimate-3-phosphate synthase (EPSPS) resulting in the disruption of synthesis of aromatic amino acids and their derivatives (Duke and Powles 2008) . However, some studies dispute that glyphosate toxic effect is strictly linked to EPSPS inhibition; it has not been verified that a depletion in concentration of aromatic amino acids occurs in glyphosate-treated plants (Serra et al. 2013 ). Instead, acting as a metal chelator, glyphosate could negatively contribute to the activity of many enzymes, altering plant physiological processes such as photosynthesis, carbon metabolism, mineral nutrition and oxidative events (Geiger et al. 1986; Orcaray et al. 2012; Romero et al. 2011) .
The major drawback of wide use of herbicides is a continuous selection of plants able to both survive and reproduce under herbicide treatment. As a consequence, plants with improved survival properties are able to become dominant and distributed over large areas (Menne and Köcher 2008) . There are currently 447 unique cases among 244 species (142 dicots and 102 monocots) of herbicide resistant weeds. Strikingly, they cover 22 of the 25 known mechanisms of herbicide action (156 different herbicides) (Heap 2015) . The development of resistance to herbicides, however, is not restricted to weeds. Maize, Zea mays, is one of the world's most cultivated crop plants. Its great economic potential is shown in its broad base use in food, fodder and textile industry as well as in bioethanol production. Unexpectedly the value of maize crop is nowadays threatened by its susceptibility to chemicals used for weeds and pests control. The average pest-induced yield loss of maize in the field is around 20 %, and often much higher. Field observation has shown that some of maize lines are more sensitive than others to herbicide spraying (K. Adamczewski, J. Adamczyk, personal communication).
Plants, as well as other organisms, have employed gene expression regulation by small RNA molecules in addition to regulatory DNA sequences and different types of regulatory proteins to achieve precise and timely regulation of stress-responsive gene networks. Small non-coding RNAs, discovered two decades ago, not only regulate gene expression on post-transcriptional and transcriptional levels, but also affect the organization and modification of chromatin. Moreover, they regulate growth and development of organisms, organ development, hormone signaling, and defense against pathogens among other physiological functions (Moazed 2009 ). They also function during environmental stress adaptation, providing precise regulation of gene expression. In plants small RNAs exhibit unexpected complexity, however, two main categories are distinguished based on their biogenesis and function. These are miRNAs (microRNAs) and siRNAs (short interfering RNAs).
To date little is known about the involvement of miRNAs in response to herbicide treatment in plants. Here, we describe the roles of miRNA in late response to one of the most commonly used herbicide worldwide-glyphosate. We performed the miRNA expression profiling in maize leaves 7 days after glyphosate administration, which is a crucial time point for selection of the death or survival pathway.
Materials and methods

Plant material
For analyses we used maize inbred line S79757, seeds were obtained from a local breeder HR Smolice. We chose maize lines based on field tests conducted to verify the response of 25 maize inbred lines to Roundup Ò stress (K. Adamczewski, data not published). Based on these tests we chose the line S79757 as it showed the most prominent response to herbicide stress. Maize seedlings were grown in a greenhouse in controlled temperature (22°C), humidity and light conditions (16/8 h, light/dark). Uniform-sized seedlings were selected and divided into two groups. The experimental group was sprayed with a sublethal dose of herbicide Roundup Ò (1.0 l/ha, 300 g glyphosate) with adjuvant AS 500 SL (4.0 l/ha) 2 weeks after plants' emergence (at the 4-5 leaf), the control group was cultured without Roundup Ò treatment. Leaves were harvested 7 days after Roundup Ò application, to evaluate the late response to stress conditions. Leaves were harvested at the same times for both experimental and control plants. Plant material samples were immediately frozen in liquid nitrogen and stored at -80°C.
RNA isolation, cDNA library preparation and sequencing
The small RNA fractions \200 nt were isolated from 250 mg of leaves collected and pooled from six plants. Isolation was performed using mirVana miRNA Isolation Kit (Ambion) following the manufacturer's instructions. RNA concentration was measured with Nanodrop 2000 and the quality was determined with Bioanalizator 2100 (Agilent; Small RNA Kit). cDNA libraries were prepared for sequencing with TruSeq SmallRNA Preparation Kit (Illumina), this included the following steps: ligation of adapters, RT-PCR amplification, gel purification of small RNA libraries and validation. Genome Analyzer IIx (Illumina) was used for 72 nt single-read sequencing.
Analysis of sequencing data
Raw sequencing reads were examined for quality using FastQC software. Next, 3 0 adaptor sequences were trimmed using cutadapt tool (Martin 2011) . Only sequences with removed adaptors and resulting length of 18-24 nt were selected for downstream analysis. After adaptor removal, library quality was examined with FastQC software to verify that no further quality filtering or trimming was necessary. In order to enable identification of conserved miRNAs not observed previously in maize, the non-redundant subset of Magnoliophyta miRNAs obtained from miRBase (release 21) (Kozomara and Griffiths-Jones 2014) was used as reference miRNA sequences. This was prepared by clustering miRBase sequences with cdhit-est program (sequence identity 100 %, minimum overlap 80 %) (Fu et al. 2012) . Maize miRNA was selected as the cluster representative, if present within a cluster. Expression profiling was performed with quantifier.pl script from the mirdeep2 package (Friedländer et al. 2012 ) with one mismatch between read and reference allowed. The high confidence set of expressed miRNAs was constructed by selection of miRNAs present in minimum of two samples with at least 10 reads. The resulting table of raw miRNA read counts is available in the Supporting Information section (Table S1) .
Differential gene expression analysis was performed using R statistical environment and edgeR package (Robinson et al. 2010) . For miRNA target prediction, the psRNA Target web server (Dai and Zhao 2011) was used. Functional annotation of the target mRNAs was done using the in-house script based on information downloaded from Plant Ensembl portal. For the Gene Ontology enrichment analysis the g:Profiler web server (Reimand et al. 2011) was used.
Results cDNA libraries
The estimation of miRNA expression levels by high throughput sequencing has been shown to be one of the most reliable methods available. To ensure a proper estimation of miRNA expression levels we used two replicates for both, control and glyphosate treated samples (Fig S1) . After pre-processing the sequence reads, we found that the most prominent length of the reads was 24 nt (Fig. 1a) in all four libraries. In plants, 24 nt long RNAs are usually derived from transposable elements and repetitive sequences and function as guide RNAs in transcriptional silencing (TGS) (Baev et al. 2010) . However, only a small number of reads from our cDNA libraries (1-3 %) could be mapped to the collection of maize repetitive elements obtained from RepBase (Jurka 2000) . Instead, the vast majority of 24 nt long RNAs were found to be derived from ribosomal RNAs. They play a critical role in control of rRNA dosage in hybrid and polyploid plants by driving methylation of rRNA loci [for review see Preuss and Pikaard (2007) ]. We did not, however, observe any significant glyphosate treatment-dependent changes in the amounts of rRNA-derived 24 nt long RNA class.
We found that 21 nt was the most prominent length of sequence reads from our experiments that mapped to miRNAs (Fig. 1b) ; this size is canonical for plant miRNAs. With few exceptions, this general trend was also observed for most of the analyzed individual miRNA length distributions.
Novel conserved miRNAs in maize
According to miRBase (release 21), there are 321 known miRNAs in maize. This number is relatively low compared to that found in other closely related plant species, e.g., Oryza sativa with 713 known miRNAs. Our objective was to identify known as well as novel miRNA species expressed in S79757 maize line in either control conditions or after glyphosate treatment. We did this by aligning short sequencing reads to the complete set of known miRNAs from Magnoliophyta (6547 precursor and 7956 mature miRNA sequences). We considered the sequence reads which did not reveal similarity to known maize miRNAs, but instead were mapped to precursor regions overlapping with positions of known miRNAs from other organisms as novel conserved maize miRNAs. In this way we identified 13 miRNAs that have been shown to be present in other plants, but were not reported previously in maize (Table 1) . Interestingly, eight of those are novel members of previously identified maize miRNA families that show minor sequence heterogeneity mostly outside of the seed region (Fig. 2) . The remaining five novel miRNAs identified represent families not observed previously in maize. Although members of those miRNA families are usually found widespread in plants, the occurrence of molecules with identical sequence seen in maize was limited to one to three other species. The number of sequence reads that identify novel miRNAs differ from 12 for stu-miR479 up to 129 for ptc-miR6478; however, in all cases the mature miRNAs were observed in at least three out of four sequenced cDNA libraries (two control and two treated replicates) supporting reliability of these observations. Maize miRNAs ''novel'' stand for not previously described in maize miRNAs, ''known'' represent previously not described miRNAs that can be assigned to already known maize miRNA family. Number of supporting reads describes the total number of reads for a particular sequence in all sequenced cDNA libraries. Number of supporting libraries describes the number of libraries in which a particular miRNA has been identified gma Glycine max, stu Solanum tuberosum, ptc Populus trichocarpa, ath Arabidopsis thaliana, ppe Prunus persica, tae Triticum aestivum, vvi Vitis vinifera, osa Oryza sativa, tcc Theobroma cacao, ata Aegilops tauschii miRNAs involved in response to glyphosate treatment
In our experiments we used RNA samples from control and glyphosate-treated plants. We collected the leaves 7 days after herbicide administration, since this is the time point when plants start to show phenotypic changes, including wilting and leaf discoloration, following exposure to glyphosate (Fig. 3) . Plant miRNAs are known to be involved in adaptation to environmental stresses and in regulation of processes like growth and apoptosis, thus we were aiming at the identification of differentially expressed miRNAs related to the phenotype changes observed. We used two technical replicate data sets obtained from both, control and glyphosate-treated samples for the analysis of expression profiles. During analysis of the sequencing data we used restrictive criteria for filtering of the miRNA expression profiling results. First, we removed redundant members of the miRNA families by filtering based on mature miRNA sequence similarity. Next, we limited the miRNA listed by minimal detection criteria (total of 10 reads in at least two cDNA libraries). After applying this procedure, we were able to observe expression of 51 representative miRNAs. Within this group we identified 13 miRNAs that revealed statistically significant expression changes (p value \0.05, FDR value \0.01) in glyphosate treated plants (Fig. 4) . Interestingly, all of them, with one exception (miR166a-3p), were upregulated, with a log fold change in range from 1.6 up to 3.6 (Table 2) .
mRNA targets of differentially expressed miRNAs
All identified differentially expressed maize miRNAs are described in the literature and their mRNA targets are well documented. However, to verify if novel miRNA family members, differentially expressed following herbicide administration, differ in functional potential from known maize miRNAs, we predicted their putative targets, based on sequence complementarity to mRNA sequences. For all differentially expressed miRNAs we identified 264 potential target transcripts, corresponding to 122 genes, of which 48 were encoding for uncharacterized proteins. Gene Ontology (GO) enrichment analysis showed that most of the proteins with known function encoded by miRNAs-targeted mRNAs were localized in nucleus and were involved in the regulation of transcription (Supporting Information File 1). The only enriched GO category not related to gene expression regulation was regulation or involvement in hydrolase activity with 17 representatives. This function was assigned mostly to ATP-binding proteins. Noticeably, all predicted miRNA targets, including those for novel members of known maize miRNA families, were consistent with previous reports.
Discussion
The holistic understanding of Roundup Ò mechanism of action is of great importance since it has been shown that glyphosate affects the growth of plants not only by inhibiting EPSPS but also through altering several crucial plant physiological processes (e.g., photosynthesis, carbon metabolism, mineral nutrition, oxidative events) (Geiger The colour scale represents the distance (positive value and red colour stand for expression level higher than mean, negative value and blue colour represent expression level lower than mean, 0 and yellow colour is equal to mean) 1986; Orcaray et al. 2012; Romero et al. 2011) . Here, we focused our efforts on profiling of miRNA levels in a maize line sensitive to Roundup Ò 7 days after herbicide administration. We identified twelve miRNAs with statistically significant upregulation in glyphosate treated plants and one downregulated ( Fig. 4; Table 2 ). Four of them, including two isoforms observed for the first time in maize, belong to miR167 family, two are miR396 family members and two are processed from both arms of miR827 precursor. The remaining ones include miR156, miR166, and novel miR159, miR169, miR444 isoforms.
Differentially expressed members of seven out of eight microRNA families, found in our study, have previously been implicated in abiotic stress responses (Liu et al. 2012; Li et al. 2011; Kulcheski et al. 2011) . In Arabidopsis (Gao et al. 2010) as well as in maize (Ding et al. 2009 ) miR396c is downregulated during salinity and alkali treatment. In contrast, other differentiating in our samples miRNAs, namely miR167, miR156, miR396a and miR396d, have been previously reported to be upregulated in salinity and ABA treated plants but downregulated or unchanged in plants under cold or drought stress (Jian et al. 2010; Shen et al. 2010) . Interestingly, most of microRNAs that differentiate in our samples have been recently linked with senescence. It has been shown that overexpression of miR396 in transgenic Arabidopsis lines causes faster senescence of leaves when compared to wild-type plants thus suggesting its primary role in this process (Debernardi et al. 2014 ). miR396a-5p, newly discovered in maize, similar to miR827, is induced in Arabidopsis during senescence in leaves but repressed in siliques (Thatcher et al. 2015) . Representatives of three other miRNA families (miR156, miR159, miR167) also induced upon glyphosate treatment have been implicated in senescence (Meng et al. 2012) . It has been established that miR156/157 family members all target SPL transcription factors controlling development and transition from the juvenile to adult phase of the plant (Wu et al. 2009 ). It has been observed in siliques that miR156 is strongly induced in late senescence. This could in turn repress some members of SPL family of proteins (Thatcher et al. 2015) . Members of remaining two miRNA families differentially expressed under glyphosate treatment, miR167 and miR159, might be involved in a mechanism of senescence-resistance through ABA-dependent pathway (Xu et al. 2014) . As shown in (Xu et al. 2014 ) the expression levels of miR167f-3p together with miR159b and miR159a.1 were significantly lower in ageresistant rice line (N2Y6) compared to age-sensitive rice line (LYP9) that is thought to contribute to the delay of leaf senescence. Moreover, miR159, miR166 and miR167 differentiating in our study, are significantly overexpressed and functionally implicated in hybrid necrosis in wheat (Zhou et al. 2015) . Both these processes (senescence and necrosis) are phenotypically closely related to changes observed in glyphosate treated maize plants.
One of the most critical processes for roundup toxicity is the penetration of glyphosate into cells. As shown in previous studies (Denis and Delrot 1993; Hetherington et al. 1998; Morin et al. 1997; Shaner 2009 ), glyphosate, as a phosphonate, seems to use the same phosphatespecific transport systems as inorganic phosphorus. Not only glyphosate uptake was shown to be inhibited by sodium phosphate and phosphonoformic acid, but also by PCMBS (p-chromercuribenzenesulfonic acid) and DCCD (N,N 0 -dicyclohexylcarbodiimide) (Morin et al. 1997) . It has also been demonstrated in broad bean leaves that glyphosate can be absorbed via phosphate transporter at the plasma membranes (Brecke and Duke 1980) . Therefore, it was interesting to observe in maize sensitive line treated with glyphosate, the overexpression of miR827-3p and miR444, small RNAs previously shown to be directly involved in regulation of phosphorus (and nitrogen) uptake (Hackenberg et al. 2013; Lin et al. 2013; Yan et al. 2014 ). In Arabidopsis miR827-3p was shown to target nitrogen/phosphate balance regulator Nitrogen Limitation Adaptation (NLA, AT1g02860), a SPX-domain containing RING-type ubiquitin E3 ligase (Thatcher et al. 2015) . Under Pistarvation conditions NLA is downregulated and loss of NLA causes Pi hyperaccumulation . Overexpression of miR827 (together with downregulation of PHO2 (phosphate 2) through the action of miR399) leads to degradation of PHT1 suppressor, NLA, and thus increases the levels of phosphate transporters in plasma membranes and elevated activity of Pi uptake. In rice, miR827-3p has been shown to target two genes encoding proteins containing an SPX and MFS (major facilitator superfamily) domains (Lin et al. 2010) . It has been speculated that SPX-MFS proteins may be involved in intracellular or intercellular Pi transport through regulation of expression of Pi transporter (PT) genes (Yao et al. 2014 ) and/or Pi storage or metabolism (Lin et al. 2010 ). Similar to miR827-3p, monocot-specific miR444 has been shown to induce the expression of Pi transporters in rice, particularly in roots. Overexpression of miR444 leads to increased accumulation of phosphate in both roots and shoots (Lin et al. 2010) . The herbicidedependent upregulation of phosphate-homeostasis-related miRNAs (miR827-3p and miR444), shown in our study, most probably triggers the increment in the level of phosphate transporters which, as a consequence, leads to increased uptake of glyphosate instead of increased uptake of Pi and therefore disrupts the Pi homeostasis (Fig. 5) .
The remaining miRNAs found unique upon glyphosate treatment, including miR159, miR166, miR167, miR169 and miR396 were also shown to be differentially expressed under Pi starvation in Arabidopsis, wheat, maize, soybean and white lupin (Lundmark et al. 2010; Pei et al. 2013; Zeng et al. 2010; Zhao et al. 2013; Zhu et al. 2010 ).
Conclusions
Our study revealed 13 miRNAs with significantly altered expression upon treatment of the plants with glyphosatebased herbicide. Most of them are known to be involved in response to abiotic stresses and senescence. Our results suggest that prominent role in mechanism of glyphosate toxicity could be associated with the disruption of phosphate transport pathways (enabling glyphosate uptake into cells by using the transporters specific for Pi and thus diminishing Pi uptake) and regulated through the action of miR827-3p and miR444.
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Fig. 5 miR827 role in Pi homeostasis and potentially in response to glyphosate. In Pi (inorganic phosphorus) sufficiency conditions, NLA gene (Nitrogene Limitation Adaptation) is normally expressed. NLA protein is responsible for mediating ubiquitination and degradation of membrane phosphate transporters. In Pi deficiency conditions as well as after glyphosate treatment, miR827, which targets NLA transcripts, is transcriptionally upregulated and as a consequence leads to the downregulation of NLA expression levels. As a result more phosphate transporters occur in cell membranes leading to increased Pi or glyphosate (depending on conditions) uptake
